Type I IFN has been demonstrated to have major regulatory effects on the outcome of bacterial infections. To assess the effects of exogenously induced type I IFN on the outcome of Mycobacterium tuberculosis infection, we treated pathogen-exposed mice intranasally with polyinosinic-polycytidylic acid condensed with poly-l-lysine and carboxymethylcellulose (Poly-ICLC), an agent designed to stimulate prolonged, high-level production of type I IFN. Drug-treated, M. tuberculosis-infected WT mice, but not mice lacking IFN-ab receptor 1 (IFNabR; also known as IFNAR1), displayed marked elevations in lung bacillary loads, accompanied by widespread pulmonary necrosis without detectable impairment of Th1 effector function. Importantly, lungs from Poly-ICLC-treated M. tuberculosis-infected mice exhibited a striking increase in CD11b + F4/80 + Gr1 int cells that displayed decreased MHC II expression and enhanced bacterial levels relative to the same subset of cells purified from infected, untreated controls. Moreover, both the Poly-ICLCtriggered pulmonary recruitment of the CD11b + F4/80 + Gr1 int population and the accompanying exacerbation of infection correlated with type I IFN-induced upregulation of the chemokine-encoding gene Ccl2 and were dependent on host expression of the chemokine receptor CCR2. The above findings suggest that Poly-ICLC treatment can detrimentally affect the outcome of M. tuberculosis infection, by promoting the accumulation of a permissive myeloid population in the lung. In addition, these data suggest that agents that stimulate type I IFN should be used with caution in patients exposed to this […] Research Article Infectious disease
Introduction
Type l IFNs were described more than fifty years ago and were named based on their ability to interfere with virus infection (1) . All type I IFNs are recognized by a single type I IFN receptor, IFNαβr. IFN-α and IFN-β are the 2 main subtypes of type I IFN of immunological interest and both are rapidly induced after exposure to many viruses as well as other infectious agents (2) (3) (4) . In addition to their role in control of viral replication, type I IFNs are known to perform a number of important regulatory functions, affecting both the innate and adaptive immune response. These include the activation of APCs and NK cells as well as the enhancement of CD8 + T lymphocyte proliferation and differentiation of Th1 cells through their agonist effects on IL-12 production (5). In different settings, type I IFN can also exert downregulatory effects on important immune functions, such as APC activation, and can suppress T cell proliferation and hematopoiesis (6, 7) .
In addition to their well-documented roles in the host response to viral pathogens, type I IFNs have more recently been demonstrated to have major regulatory effects on the outcome of bacterial infection. Thus, mice genetically impaired in type I IFN signaling display enhanced resistance to Listeria monocytogenes, an effect attributed to the loss in immune cell death normally mediated by type I IFN in WT animals (8, 9) . In mycobacterial infection, both protective and deleterious effects of type I IFN have been described. In Mycobacterium avium infection, the continuous infusion of IFN-β led to increased resistance as evidenced by a 1-log reduction in hepatic and splenic bacterial loads (10) . However, in other studies involving murine M. tuberculosis infection, endogenous type I IFN appeared to promote rather than limit bacterial growth (11) (12) (13) . Thus, Manca and collaborators correlated the hypervirulence of a M. tuberculosis strain with enhanced type I IFN synthesis, which was associated with impaired Th1 immune responses (11) . Later, it was shown that type I IFN receptor-deficient mice, chronically infected with a variety of different M. tuberculosis strains, displayed significantly reduced bacterial loads when compared with similarly infected WT animals (13) .
Type I IFN has been demonstrated to have therapeutic efficacy in a number of viral infections and malignancies (14, 15) . Given the above findings documenting both positive and negative effects of type I IFN on host resistance to mycobacteria, it was of interest to determine whether exogenous induction of these cytokines during M. tuberculosis infection would be host beneficial or detrimental. To address this question, we studied the effects on murine tuberculosis of polyinosinic-polycytidylic acid condensed with poly-l-lysine and carboxymethylcellulose (Poly-ICLC), a stabilized version of Poly-IC currently used in clinical trials because of its long half-life and potent induction of persistent type I IFN responses (16, 17) .
As described in this study, we observed a major exacerbating effect of Poly-ICLC on both lung pathology and pulmonary bacterial load in M. tuberculosis-infected mice. Interestingly, this disease outcome was closely associated with a striking alteration in the pulmonary myeloid compartment and in particular with the CCR2-dependent infiltration of a monocyte/macrophage subpopulation highly permissive for bacterial growth.
Results

Intranasal Poly-ICLC treatment exacerbates pulmonary pathology and enhances bacterial growth in murine M. tuberculosis infection.
To evaluate the effect of Poly-ICLC on M. tuberculosis infection, mice were exposed to a low dose of H37Rv strain bacteria via aerosol and treated intranasally twice weekly with the drug, beginning on the day after infection. When examined on the fourth week, the infected mice treated with Poly-ICLC showed marked alterations in pulmonary pathology compared with infected, PBS-treated animals. While lung sections from both groups displayed mononuclear cell infiltration and numerous granulomas, the drug-treated mice exhibited extensive areas of necrosis ( Figure 1, A and B) . In addition, lungs from the Poly-ICLC-treated mice showed an approximately 2-log increase in bacterial load relative to PBS-treated animals ( Figure 1 , C and D). Drug-treated, infected mice also displayed significant weight loss (data not shown). In contrast, no pathological changes were detected in noninfected mice treated with Poly-ICLC under the same regimen.
In a separate series of experiments, drug treatment was initiated during chronic infection (4 months after aerosol exposure). In this situation, mortality of the infected mice was observed as early as 17 days after Poly-ICLC treatment ( Figure 1E ), and the remaining euthanized mice again showed a similar, although not as marked, increase in pulmonary bacillary burden ( Figure 1F ), possibly due to the shorter duration of drug administration.
Poly-ICLC-induced exacerbation of murine tuberculosis is dependent on type I IFN.
As expected, Poly-ICLC administration resulted in the induction of high levels of Ifnb and Ifna mRNA as well as IFN-β protein in the lungs of both uninfected and M. tuberculosis-exposed animals ( Figure 2 , A-C). To assess whether type I IFN stimulation is responsible for the changes in pulmonary pathology and bacterial load seen in Poly-ICLC-treated animals, Ifnabr-deficient mice were infected and treated using the same regimen. While PBS-treated, Ifnabr-deficient mice showed higher bacterial burdens than WT animals, no further increase in pulmonary bacillary load or pathology was seen after Poly-ICLC administration (Figure 2 , D and E). These results confirmed that exacerbation of tuberculosis by Poly-ICLC is dependent on type I IFN signaling.
The effector T cell compartment in M. tuberculosis-infected mice is not altered as a consequence of type I IFN induction. We next examined whether Poly-ICLC treatment exacerbates murine tuberculosis by directly affecting CD4 + T cell activation and differentiation, the mechanism suggested for the effects of endogenous type I IFN in promoting the growth of hypervirulent M. tuberculosis clinical isolates (12) . Interestingly, Poly-ICLC administration did not affect the accumulation of CD44 + ( Figure 3A) or T box expressed in T cells (T-bet) CD4 + T cells ( Figure 3B ) in the lungs of M. tuberculosis-infected mice. Similarly, both Poly-ICLC-and PBS-treated animals displayed indistinguishable frequencies of IFN-γ and TNF-α double-producing CD4 + T cells following ex vivo restimulation with anti-CD3, purified protein derivative (PPD) (Figure 3C ), or peptide epitopes from M. tuberculosis antigens ESAT-6 or Ag85B (data not shown). Furthermore, no significant differences between Poly-ICLC-and PBS-treated groups were evident when IFN-γ levels were measured by ELISA in supernatants from the same pulmonary leukocyte cultures (Supplemental Methods and Supplemental Figure 2 ; supplemental material available online with this article; doi:10.1172/JCI40817DS1). Together, these observations suggest that the exacerbation of tuberculosis by Poly-ICLC is not the result of altered Th1 effector function. ; ×200 (C, first and third panels); ×400 (C, second and fourth panels). *0.01 < P value < 0.05, **P < 0.01.
Poly-ICLC triggers major changes in the composition of the myeloid compartment in lungs of M. tuberculosis-infected mice. Since no impairment in Th1 immune response was observed in Poly-ICLC-treated, infected mice, we next asked whether the exacerbation of disease is associated with changes in myeloid effector cells. To investigate this, the CD3 -lung population was analyzed for the expression of CD11b, Gr1, F4/80, CD115, CD68, and MAC-3 as well as other markers (Figure 4) . A major increase in both the frequencies (mean ± SEM, 37.17% ± 3.99% versus 3.81% ± 1.98%; Figure 4A ) and the absolute numbers ( Figure 4B ) of pulmonary CD11b + Gr1 int cells was observed in the M. tuberculosis-infected and drug-treated animals relative to the PBStreated, infected group. Annexin staining experiments suggested that the altered distribution of CD11b + Gr1 int versus CD11b + Gr1 -cells in the lungs of mice receiving Poly-ICLC can be accounted for in part by the increased apoptosis of CD11b + Gr1 -cells (Supplemental Figure 3) . In addition, the Poly-ICLC-treated, infected mice showed higher frequencies of cells expressing the monocyte/macrophage markers F4/80, CD68, MAC-3, and CD115 ( Figure 4C ).
To confirm that the observed changes in the pulmonary myeloid compartment are due to induction of type I IFN by Poly-ICLC, the above experiments were performed in Ifnabr-deficient mice. In direct contrast to results seen in WT mice, no increases in the frequencies and absolute numbers of CD11b + Gr1 int cells were observed when these animals, incapable of type I IFN signaling, were infected and drug treated ( 
The pulmonary CD11b + Gr1 int myeloid population induced by Poly-ICLC treatment preferentially supports growth of M. tuberculosis in vivo.
In addition to their increased frequency, it was possible that the CD11b + Gr1 int myeloid cells appearing in the lungs of infected Poly-ICLC-treated mice were more permissive to bacterial growth. To test this hypothesis, we FACS-sorted the CD11b + Gr1 -and CD11b + Gr1 int subpopulations from infected, PBS-and drug-treated animals, 4 weeks after infection, and plated equal numbers of each on 7H11 agar to measure their pathogen content ( Figure 6 ). Although bacterial growth was seen in the CD11b + Gr1 -cell subpopulation, the number of colonies per host cell did not differ between PBS-and drug-treated animals ( Figure 6 ). In direct contrast, Poly-ICLC treatment resulted in a 10-fold increase in bacterial growth in CD11b + Gr1 int cells purified from drug-treated animals compared with the same population recovered from control mice ( Figure 6 ). These observations indicate that the pulmonary CD11b + Gr1 int cell subpopulation, elevated as a result of type I IFN induction, preferentially supports mycobacterial expansion/survival. Impaired intracellular control of M. tuberculosis has been associated with the Th2 cytokine-dependent generation of alternatively activated macrophages and inhibition of autophagic microbicidal activity (18, 19 ) and thus could represent a possible explanation for the effects of Poly-ICLC on macrophage function described here. Although no increase in Il4 mRNA expression was evident in the lungs of drug-treated, infected mice (data not shown), a significant elevation in Il13 transcripts was observed (Supplemental Figure 5A) . Nevertheless, Poly-ICLC treatment of Il13ra1-deficient mice led to increases in pulmonary bacterial load and CD11b + Gr1 int cell infiltration that were indistinguishable from those observed in WT animals (Supplemental Figure 5, B and C ).
An additional hypothesis tested was that Poly-ICLC treatment results in decreased macrophage IFN-γ receptor expression, leading to defective induction of microbicidal activity mediated by that cytokine. Indeed, the CD11b + Gr1 int cell population from the lungs of infected, drug-treated mice displayed significantly decreased IFN-γ receptor expression compared with untreated, infected animals. Nevertheless reductions in IFN-γ receptor expression were also observed in the CD11b + Gr1 -population, which failed to show increased bacterial loads following Poly-ICLC treatment (Supplemental Figure 6 ). Moreover, no difference in Nos2 message and NOS2 protein expression were detected in the CD11b + Gr1 int cell population recovered from control versus drug-treated infected mice (Supplemental Figure 7) . Together, the above findings suggest that decreased monocyte/macrophage IFN-γ receptor expression, while possibly contributing to the enhanced bacterial growth seen in the lungs of Poly-ICLC-treated mice, cannot be in itself the major mechanism underlying this outcome.
The impaired control of M. tuberculosis infection triggered by Poly-ICLC treatment is CCR2 dependent. We next addressed the mechanism responsible for accumulation of the CD11b + Gr1 int cell subpopulation in the lungs of infected mice, treated with Poly-ICLC. To do so, we examined the expression, using real-time PCR in wholelung tissue, of a set of chemokine and chemokine receptor genes known to be involved in myeloid cell recruitment ( Figure 7A ). No significant differences were observed in the expression of Cxcl1 and its receptor Cxcr2 in the same 2 groups of animals. In contrast, we observed an approximately 10-fold enhancement in transcripts encoding Ccl2 in lungs of Poly-ICLC-versus PBS-treated, infected animals. This induction was dependent on type I IFN signaling, since no changes were observed when infected Ifnabr-deficient mice were treated with Poly-ICLC.
CCL2 expression has previously been associated with monocytic infiltration in several inflammatory diseases, and studies in Ccr2-deficient mice have demonstrated a major role for this chemokine receptor in the emigration of monocytes and macrophages from bone marrow and their recruitment to tissue sites at which CCL2 is expressed (20, 21) . To determine whether the increased expression of Ccl2 in lungs of Poly-ICLC-treated, M. tuberculosis-infected mice reflects a function for this chemokine in recruitment of CD11b + Gr1 int cells, we infected and drug-treated mice deficient in CCR2, the receptor for CCL2. The increased frequency of CD11b + Gr1 int cells observed after Poly-ICLC treatment of infected WT mice was not seen in animals lacking CCR2 ( Figure 7B ). In agreement with previous studies (22) , Ccr2-deficient mice displayed higher bacterial burdens than WT mice in the absence of drug treatment ( Figure 7C) . Importantly, however, drug treatment failed to induce an increase in bacterial load in the chemokine receptor knockout animals ( Figure 7C ). Together these observations linked CCL2-CCR2-dependent recruitment of CD11b + Gr1 int cells to the exacerbation of M. tuberculosis infection seen following Poly-ICLC administration.
Discussion
Tuberculosis threatens one-third of the world's population, and it is the leading cause of death by a single infectious agent. Cytokines such as IFN-γ and TNF-α have been shown to play important functions in host resistance and/or immunopathology in M. tuberculosis infection and represent potential immunological intervention points in controlling this disease (23) (24) (25) . Type I IFNs are a class of cytokines that play a major role in regulation of viral infection and have also been studied as possible mediators of immunity to other types of pathogens, including mycobacteria. Nevertheless, while positive effects of type I IFN in activating immune cells have been noted in several reports examining M. tuberculosis infection in vitro, most previous studies have demonstrated deleterious influences of these cytokines on the outcome of infection with the pathogen in vivo (11) (12) (13) . In the present report, we have addressed this issue by assessing the effects of a potent type I IFN inducer, Poly-ICLC, on murine M. tuberculosis. Our findings clearly establish that treatment with this drug dramatically exacerbates pulmonary immunopathology in aerosol M. tuberculosis infection, an outcome associated with type I IFN production and the CCR2-dependent recruitment of a monocyte/macrophage population, highly permissive for mycobacterial growth. The latter observation is consistent with recent findings, demonstrating a major role for macrophage dynamics in determining the fate of mycobacterial infection in vivo (26, 27) .
As described here, intranasal administration of Poly-ICLC induced extensive pulmonary necrosis in mice infected with M. tuberculosis. Previous studies in the murine L. monocytogenes model have implicated a major role for both endogenous and exogenously induced type I IFN in triggering infection-induced immunopathology (8, 9) . Thus, L. monocytogenes-infected WT mice but not Ifnabr-deficient mice display acute hepatic damage, and this response is greatly exacerbated when the WT mice are treated with Poly-IC. These pathological effects of type I IFN in vivo were consistent with earlier in vitro observations demonstrating that cytokine presensitized macrophages are more susceptible to L. monocytogenes-induced cell death (28) .
In murine listeriosis, type I IFN induction is also associated with increased bacterial growth, which is likely to be a factor contributing to the observed pathology. Augmented pathogen expansion was also a major outcome in the experiments described here, in which a 2-log increase in pulmonary M. tuberculosis burden was seen in Poly-ICLC-treated, acutely infected mice. This finding is consistent with previous reports demonstrating a role for endogenous type I IFN in promoting M. tuberculosis infection (11) (12) (13) . In the latter studies, a correlation between type I IFN-induced susceptibility and decreased Th1 cytokine production was also documented and proposed as a possible explanation for the effects observed. In contrast, the exacerbation of H37Rv infection by Poly-ICLC treatment observed in our experiments was not associated with impaired Th1 response development, as assessed by the expression of T-bet and cytokine production by pulmonary T lymphocytes.
Subsequent experiments revealed that a major target of the effects of Poly-ICLC treatment on disease exacerbation was the myeloid cell compartment in the murine M. tuberculosis model. Thus, the lungs of drug-treated, infected mice exhibited a striking 4-fold increase in the frequency of CD11b + Gr1 int cells, and the same was not observed when uninfected animals were treated with Poly-ICLC. This cell population was further characterized as belonging to the monocyte/macrophage lineage, based on the predominant expression of F4/80, MAC3, CD68, and CD115. Cells with a similar CD115 + Gr1 + phenotype have been described in a variety of inflammatory conditions and are usually characterized as inflammatory monocytes (29) . Monocytes belonging to this subset undergo phenotypic and functional changes depending on their tissue environment, giving rise, for example, to TNF-α/ iNOS-producing DCs in pathogen-infected mice (30) or to myeloid-derived suppressor cells in tumor-bearing hosts (31) (32) (33) . In most infectious disease models, inflammatory monocytes have been associated with host defense rather than disease progression (29) . For example, Gr1 + F4/80 + CD11b + CD11c − inflammatory monocytes are recruited to the gut during peroral infection with Toxoplasma gondii and rescue the impaired resistance to the parasite seen in Ccr2-deficient mice (29) .
Although infection with M. tuberculosis is known to dramatically alter monocyte differentiation in pulmonary tissue (34) , the role of monocyte subsets in host resistance to the pathogen is poorly defined. As shown in the present study, the CD11b + Gr1 int cell subset is not significantly expanded in the lungs of untreated, M. tuberculosis-infected mice. Nevertheless, these cells could contribute to bacterial control, as suggested by the impaired resistance to M. tuberculosis of Ccr2-deficient mice (22) , which display defective migration of inflammatory monocytes from the bone marrow to the periphery (20) .
While the above studies provide evidence for a protective role for inflammatory monocytes in M. tuberculosis infection, the data presented here suggest that, in the setting of upregulated type I IFN production, these cells can actually promote pathogen growth. Thus, the 4-fold expansion of CD11b + Gr1 int cells seen in M. tuberculosis-infected mice treated with Poly-ICLC was accompanied by a major increase in bacterial burden, and these changes were not observed in drug-treated Ifnabr -/-mice. Interestingly, in these experiments Ifnabr -/-mice that were not treated with Poly-ICLC displayed significantly increase bacterial burdens, an effect not seen in previous studies on M. tuberculosis infection of these mice. Nevertheless, the increase observed was not accompanied by increased pulmonary pathology. Regardless of these findings with Ifnabr -/-mice, we cannot exclude the possibility that Poly-ICLC treatment has type I IFN-independent effects, as suggested in a previous study using synthetic dsRNA (35) .
Importantly, cell-sorting experiments indicated that most of the increased bacterial burden triggered by Poly-ICLC can be accounted for in part by increased infection of the CD11b + Gr1 int pulmonary monocyte/macrophage subpopulation. The latter finding suggested that Poly-ICLC treatment triggers expansion or recruitment to the lungs of an inflammatory monocyte population that is permissive to infection and fails to restrict bacterial growth. Interestingly, the CD11b + Gr1 int cells accumulating in the lungs of Poly-ICLC-treated, infected mice showed decreased MHC class II expression relative to the same subset in infected, untreated controls. This observation is consistent with previous studies demonstrating that type I IFN antagonizes IFN-γ-induced MHC class II expression in macrophages in vitro (36) , an outcome also seen here (Supplemental Figure 4) . Poly-ICLC treatment also resulted in a decrease in IFN-γ receptor expression, which could partially explain the decrease in MHC class II expression observed (Supplemental Figure 6 ). Thus, the inflammatory monocytes induced by Poly-ICLC during M. tuberculosis infection may be impaired in both antigen presentation and IFN-γ-induced microbicidal activity, thus providing a possible explanation for the increased bacterial load seen in lungs of drug-treated animals.
Important evidence for the role of inflammatory monocytes in the Poly-ICLC-induced exacerbation of M. tuberculosis infection came from our discovery of the CCR2-dependent accumulation of this cell population in the lungs of drug-treated mice. Consistent with previous findings (22) , Ccr2-deficient mice infected with M. tuberculosis displayed increased bacterial burdens compared with WT animals, which represents a complication in the interpretation of this experiment. Nevertheless, no further increase in bacterial load was observed in Ccr2 -/-mice treated with Poly-ICLC, and the drug did not trigger the pronounced alterations in pulmonary myeloid cell populations seen in similarly treated WT animals. Moreover, lungs of drug-treated, infected WT mice displayed type I IFN-dependent increases in the levels of transcripts encoding CCL2, the major chemokine responsible for recruitment of circulating monocytes to sites of inflammation. Together, the above findings support a critical role for inflammatory monocytes in the Poly-ICLC-induced exacerbation of M. tuberculosis infection and suggest that these cells are recruited to the lungs by a CCR2-dependent mechanism rather than being differentiated locally as part of the pulmonary inflammatory response. Consistent with this hypothesis, elevations in the frequencies of CD11b + Gr1 int cells were observed in the blood as well as the lungs of Poly-ICLC-treated, infected mice but not in spleen or mediastinal lymph nodes (data not shown).
Figure 6
The CD11b + Gr1 int subpopulation in the lungs of Poly-ICLC-treated mice displays impaired control of M. tuberculosis. Pulmonary CD11b + Gr1 -and CD11b + Gr1 int cells were isolated by FACS from Poly-ICLC-and PBS-treated mice, 4 weeks after infection. The cells were then plated on agar, and bacterial CFUs were enumerated 3 weeks later. Bar graphs represent the mean ± SEM of the bacterial counts per 10 5 lung cells recovered from multiple mice (n = 4-6). The experiment shown is representative of 3 performed. **P < 0.01.
In addition to exacerbating murine tuberculosis when given at the time of initial pathogen exposure, intranasally administrated Poly-ICLC promoted bacterial growth and host mortality when initiated during chronic infection. The latter observation suggests that dysregulated type I IFN production can trigger M. tuberculosis growth and enhance disease in the setting of an established cellular immune response to the pathogen and thus has the potential to reactivate latent infection, despite previous studies reporting beneficial effects of these cytokines on patients with tuberculosis when combined with chemotherapy (37, 38) . In the case of Poly-ICLC, it has not yet been determined whether these effects are a direct outcome of the intranasal route of administration of the drug, although this seems unlikely, since systemic effects were also observed on the circulating monocyte pool in the same experiments (data not shown).
We are unaware of clinical studies documenting reactivation of latent tuberculosis in individuals given type I IFN therapy, as seen in individuals given TNF-α inhibitors (39) . However, adverse pulmonary effects, such as pneumonitis, have been described in some patients receiving type I IFN treatment, who require cessation of treatment and/or administration of corticosteroids to resolve their symptoms (e.g., refs. 40, 41) . Even less is known about the effects of type I IFN inducers, such as Poly-ICLC, on latent tuberculosis, since the use of these compounds has been limited to clinical trials. Nevertheless, because of the promising effects seen with type I IFN inducers in immunotherapy of both cancer and viral infection and as adjuvants for vaccination (42) (43) (44) , major new clinical applications for these drugs are likely to emerge. While the data presented here are confined to a specific murine experimental model of tuberculosis, they suggest that reactivation of latent M. tuberculosis should be evaluated as a possible side effect when testing type I IFN inducers or type I IFN treatment itself in clinical settings in which the treated population is heavily exposed and therefore at risk of tuberculosis.
Methods
Mice. WT C57BL/6 and Ifnabr-deficient mice, on a B6 background, were purchased from Taconic Farms under the NIAID Animal Supply Contract. Ccr2-deficient mice were obtained from The Jackson Laboratory. Il13ra1 mice were provided by Thirumalai Ramalingan (NIAID) and Tom Wynn (NIAID). All mice were maintained in specific pathogen-free conditions at an American Association of Laboratory Animal Careaccredited BioSafety Level 3 containment facility at the NIAID, under a study proposal approved by the NIAID Animal Care and Use Committee. Male and female mice between 8 and 12 weeks of age were used in all experiments.
M. tuberculosis infection and measurement of bacterial loads. M. tuberculosis H37Rv bacilli harvested from infected mouse lungs were expanded to log phase in Middlebrook 7H9 broth, supplemented with oleic acid-albumin-dextrose-catalase (Difco), quantified on 7H11 agar plates, and stored in aliquots at -80°C. Mice were exposed to bacteria via the aerosol route, using a nose-only exposure unit (CH Technologies). Each mouse received approximately 100 CFUs of M. tuberculosis. Bacterial loads in various organs were measured by culture on 7H11 agar plates (Difco).
Poly-ICLC and in vivo treatment. Poly-ICLC (Hiltonol), a synthetic analogue of viral dsRNA, was supplied by Oncovir Inc. Mice were inoculated intranasally with Poly-ICLC (6 μg in 50 μl/mouse) twice weekly for 28 days, starting 1 day or 4 months after M. tuberculosis exposure. Control animals received an equivalent volume of PBS.
Isolation of pulmonary leukocytes. Lungs were perfused through the heart with PBS before excision, incubated with 0.4 mg/ml Liberase CI solution (Roche Biochemicals) for 30 minutes at 37°C, and minced after a small portion had been saved for pathology and RNA extraction. Single-cell suspensions were prepared by passing tissue through a 100-μm nylon cell strainer and an aliquot saved for CFU measurement. Lung cells were centrifuged in 35% Percoll (Pharmacia Biotech) for 15 minutes at 700 g to enrich pulmonary leukocytes. Supernatants were decanted, the cell pellets were resuspended, and erythrocytes were lysed using ACK lysing buffer (BioWhittaker).
Flow cytometric analysis of cell populations and intracellular cytokine production. Freshly isolated lung cells were analyzed ex vivo or after culture for 6 hours with medium alone, PPD (5 μg/ml), or anti-CD3 (1 μg/ml). During the last 4 hours of culture, brefeldin A and monensin (1 μg/ml) were added before staining for surface markers. To analyze the phenotype of pulmonary subpopulations, cell suspensions were stained with mAb specific for CD3-FITC, Intracellular cytokine staining was performed using mAb specific for IFN-γ (PECy7 labeled), TNF-α (FITC or Pacific blue labeled) (eBioscience), and iNOS (FITC) (BD Biosciences -Pharmingen). Quantum dot 605-conjugated streptavidin (Invitrogen) was added during intracellular staining. Data were collected using a LSR II (BD Biosciences -Immunocytometry Systems) with Diva (BD Biosciences) and analyzed with FlowJo (Tree Star) software. The expression of myeloid markers was analyzed after CD3 + T cells exclusion.
Purification of pulmonary myeloid subpopulations. After isolation of pulmonary leukocytes, the myeloid CD11b + Gr1 -and CD11b + Gr1 int cell subpopulations from M. tuberculosis-infected animals were sorted with a FACSAria cell sorter (BD Biosciences), using the combination of antibodies described above. The purity of each cell population is shown in Supplemental Figure 1 . CD11b + Gr1 -and CD11b + Gr1 int cells were then seeded on 7H11 agar plates (Difco), and bacterial loads were measured after 3 to 4 weeks.
Quantitative reverse-transcription PCR. RNA was isolated from lung samples with the RNeasy kit (Qiagen) or TRIzol (Sigma-Aldrich). Oligo(dT) primers and M-MLV-Reverse Transcriptase (Promega) were used to synthesize first-strand cDNA from 1 μg total RNA. Real-time PCR in an ABI Prism 7900 Sequence Detection System (Applied Biosystems) was performed with SYBR Green PCR Master Mix (Applied Biosystems). Data were generated by the comparative threshold cycle (λCT) method, by normalizing to hypoxanthine guanine phosphoribosyltransferase (HPRT), and expressed as a fold change compared with uninfected controls. The primer sequences for the genes examined in the study were published elsewhere (45) or designed using PrimerExpress software (Applied Biosystems) and are listed as follows: IFN-β, forward, AGCTCCAAGAAAGGACGAACA, reverse, GCCCTGTAGTGTAGGTTGATC; CXCR2, forward, GGTGGGGAGTTC-GTGTAGAA, reverse, CGAGGTGCTAGGATTTGAGC; CXCL1, forward, TTTTGTATGTATTAGGGTGAGGACAT, reverse, GCGTGTTGACCATA-CAATATGAA; CCL2, forward, ACTGAAGCCAGCTCTCTCTTCCTC, reverse, TTCCTTCTTGGGGTCAGCACAGAC.
IFN-β production assay. Lungs were perfused through the heart with PBS before excision, chopped, and homogenized in 1 ml PBS (0.4 M NaCl and 10 mM NaPO4) containing antiproteases (0.1 mM phenylmethylsulfonyl fluoride, 0.1 mM benzethonium chloride, 10 mM EDTA, and 20 KI aprotinin A) and 0.05% Tween 20. The samples were then centrifuged for 10 minutes at 3,000 g, and IFN-β levels were determined in the supernatants using ELISA (PBL InterferonSource) according to the manufacturer's recommendation.
Histopathology. Tissues were fixed in 10% buffered formalin, sectioned at 5 μm, and stained with H&E or by the Ziehl-Neelsen method to detect acidfast mycobacteria. The extent of pulmonary inflammation was determined by light microscopy at magnifications of ×25, ×50, ×200, and ×400. The degree of necrosis was assessed using a scale of 1-5 (with 5 representing the most severe necrotic response). All histological analyses were performed by a pathologist on blinded specimens without knowledge of the experimental groups. The lesions on 1 lung section were scored for each animal.
Statistics. ANOVA was used to assess the statistical significance of differences in the data means in experiments involving multiple groups. Student's t test was used in experiments involving pairwise comparisons. A double "**" indicates a P value of less than 0.01, while a single "*" indicates 0.01 < P value < 0.05. P values of less than 0.05 were considered significant.
